were measured based on adding the 15 N 2 tracer as a gas bubble. Beginning in August 2012, 15 N 2 was first dissolved into filtered seawater and the 15 N 2 -enriched water was subsequently added to N 2 fixation incubations. Direct comparisons between methodologies revealed a robust relationship, with the addition of 15 N 2 -enriched seawater resulting in twofold greater depth-integrated rates than those derived from adding a 15 N 2 gas bubble. Based on this relationship, we corrected the initial period of measurements, and the resulting rates of N 2 fixation averaged 230 6 136 lmol N m 22 d 21 for the full time series (n 5 71). Analysis of the 15 N isotopic composition of sinking PN, together with an isotope mass balance model, revealed that N 2 fixation supported 26-47% of PN export during calendar years [2006] [2007] [2008] [2009] [2010] [2011] [2012] [2013] . The N export derived from these fractional contributions and measured N 2 fixation rates ranged between 502 and 919 lmol N m 22 d 21 , which are equivalent to rates of net community production (NCP) of 1.5 to 2.7 mol C m 22 yr
21
, consistent with previous independent estimates of NCP at this site.
Nitrogen (N) is a fundamental nutrient for all organisms, required for the synthesis of numerous biomolecules, and its availability and supply often limits productivity and accumulation of plankton biomass in large regions of the world's oceans (Eppley and Peterson 1979; Moore et al. 2013) . Supply of bioavailable N to the well-lit regions of the open ocean can occur through a suite of biotic and abiotic processes that include atmospheric deposition, upwelling, turbulent (eddy) diffusion, horizontal and vertical advection, and microbial dinitrogen (N 2 ) fixation (Galloway et al. 2004; Karl et al. 2008) . These processes supply exogenous fixed N to the upper ocean, and hence constitute "new" sources of bioavailable N to these ecosystems (Dugdale and Goering 1967) . Under steady state, the supply of new N to the euphotic zone should balance N removal, principally through the export of particulate organic N (Eppley and Peterson 1979) .
Biological N 2 fixation, the process by which N 2 is reduced to ammonia (NH 3 ) by N 2 -fixing microbes (termed diazotrophs), constitutes an important component of new N supply to ocean ecosystems (Capone et al. 2005) , thereby fueling the export of carbon . At Station ALOHA (A Long-term Oligotrophic Habitat Assessment; 228 45 0 N, 1588 00 0 W), the field site of the Hawai'i Ocean Timeseries (HOT) program, the supply of fixed N by N 2 fixation has been estimated to be comparable in magnitude to the delivery of new N via mixing, upwelling and/or advection Dore et al. 2002) . Station ALOHA is home *Correspondence: mjchurch@hawaii.edu to metabolically, morphologically, and genetically diverse assemblages of diazotrophs (Zehr and Kudela 2011; Church and B€ ottjer 2013; Thompson and Zehr 2013) . These include at least two genera of unicellular cyanobacteria (the uncultivated Candidatus Atelocyanobacterium thalassa and various clades of Crocosphaera) and filamentous cyanobacteria (members of the non-heterocystous genus Trichodesmium and heterocystous cyanobacteria belonging to the genera Richelia and Calothrix). Previous studies in the North Pacific Subtropical Gyre (NPSG) indicate that small (< 10 lm), presumably unicellular diazotrophs can be important contributors to N 2 fixation in this ecosystem (Dore et al. 2002; Montoya et al. 2004; Church et al. 2009 ).
The two most common methodologies used for estimating rates of N 2 fixation in aquatic systems are acetylene reduction (AR) and 15 N 2 assimilation (Capone 1993; Montoya et al. 1996) . The AR assay measures the reduction of acetylene to ethylene, a proxy measurement for gross rates of N 2 fixation. In the open sea where the biomass of N 2 -fixing microorganisms and rates of N 2 fixation tend to be low, the sensitivity of the AR method often requires pre-concentrating diazotroph biomass (e.g., Capone et al. 2005 ) although recent improvements in the sensitivity of this methodology (Wilson et al. 2012 ) may broaden its application for studies in the open ocean. The 15 N 2 assay, which measures the net assimilation of 15 N 2 into plankton biomass, was introduced as a direct measure of rates of N 2 fixation (Montoya et al. 1996) . Historically, this methodology relied on injection of 15 N 2 gas into a seawater sample followed by an incubation period. However, recent reports indicate that variability in the rate of 15 N 2 gas dissolution and the degree of isotope enrichment of the seawater during the incubation period may result in significant underestimation of N 2 fixation rates by this approach (Mohr et al. 2010; Großkopf et al. 2012; Wilson et al. 2012 (Dabundo et al. 2014) .
Assuming balance in N supply and export to the deep ocean, assessment of the proportion of naturally occurring N isotopes in sinking organic matter can also be useful for constraining the relative importance of different N substrates in supporting new production (Wada and Hattori 1976 (Casciotti et al. 2008; Sigman et al. 2009 ) while the d 15 N signature of dissolved N 2 is 0.1-0.6&, owing to a small equilibrium isotopic fractionation between the dissolved and gaseous phases (Bauersachs et al. 2009 ). Little or no kinetic isotope fractionation occurs during the biological fixation of N 2 ; hence, diazotroph biomass d 15 N typically ranges between 22.2& and 0.6 & (Saino and Hattori 1987; Carpenter et al. 1997; Bauersachs et al. 2009 ). Upper ocean suspended particulate matter in the NPSG has a low d 15 N signature (21.0& to 2.0&; Dore et al. 2002) , likely reflecting the combined influences of this low d 15 N source and kinetic isotopic fractionations associated with intensive recycling of organic matter in this oligotrophic habitat (Checkley and Miller 1989) . However, in steady state, the export of organic N from the upper ocean should balance new N supply (Dugdale and Goering 1967, Eppley and Peterson 1979) . Assuming NO 2 3 and N 2 fixation represent the dominant sources of new N to the upper ocean, the isotopic differences in these two end-member supply terms, together with measured d 15 N signatures of sinking particulate nitrogen (PN), are useful proxies for discriminating the relative importance of N 2 fixation and upward NO 2 3 transport in providing new N to support organic matter export from the upper ocean (Dore et al. 2002 , Knapp et al. 2016 ).
In the current study, we present nearly 9 yr ( 
Methods
Sample location and collection Sampling for this study relied on the regular HOT program time-series cruises to Station ALOHA. Seawater samples for subsequent determinations of rates of 15 N 2 fixation (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) and nutrient concentrations were obtained using a conductivity-temperature-depth rosette sampler equipped with 24 polyvinyl chloride sample bottles. Mixed layer depths (MLD) were calculated based on a threshold change in seawater density of 0.125 kg m 23 relative to the sea surface. Penetration of photosynthetically active radiation was measured during each HOT cruise at approximately noon using vertically profiling radiometers (PRR 600, Biospherical Instruments, from February 1998 to August 2009 and HyperPro, Satlantic, from September 2009) . Sinking particles were collected using a free-floating sediment trap array holding 12 replicate cylindrical particle interceptor traps deployed at 150 m for 72 h (Knauer et al. 1979) .
N 2 fixation rate estimates
Rates of 15 N 2 fixation were measured using the 15 N 2 isotopic tracer technique (adapted from Montoya et al. 1996) . Whole seawater samples from six discrete depths (5, 25, 45, 75, 100, and 125 m) N 2 tracer were attached to a free-drifting array and incubated at the discrete depths from which samples had been collected. The array was deployed before dawn and samples were incubated at in situ light and temperature for 24 h (Church et al. 2009 ). After recovery of the array, the entire volume from each bottle was filtered onto a pre-combusted glass microfiber filter (Whatman 25 mm GF/F). Filters were placed onto pre-combusted pieces of foil in Petri dishes and stored frozen at 2208C.
We conducted two experiments (November and December 2014) evaluating how different sources of commercial 15 N 2 gas stocks influenced measured rates of 15 N assimilation into plankton biomass, and hence might influence the resulting time-series rates of N 2 fixation reported in this study. For these experiments, triplicate 4.3 L polycarbonate bottles were filled with surface seawater (5 m) from Station ALOHA, amended with 15 N 2 -enriched seawater prepared using 15 N 2 gas supplied by two different vendors (98 atom % SigmaAldrich lots SZ1670V, EB1169, and CX0937; and 98 atom % Cambridge Isotope Laboratories lot I-16727), and incubated for 24 h in a shaded, surface seawater-cooled deck-board incubator. At the end of the incubation, the entire volume of each bottle was filtered onto pre-combusted glass microfiber filters (Whatman GF/F) and filters were processed as previously described.
In four additional experiments, conducted in July and August 2011 (Wilson et al. 2012) 2 ) were collected into clean, acid washed 125 mL and 500 mL polyethylene bottles and immediately frozen upright at 2208C. High-sensitivity analytical techniques were utilized because nutrient concentrations in the upper ocean (< 100 m) at Station ALOHA are typically at or below the detection limits of standard nutrient analyses methods. Concentrations of NO 2 3 1 NO 2 2 were analyzed using the chemiluminescent method described by Garside (1982) with modifications described by Dore and Karl (1996) . Concentrations of SRP were determined using the MAGnesium Induced Coprecipitation assay (Karl and Tien 1992) .
Export of PN
Sinking PN was collected over 72 h on each cruise using free-drifting sediment traps deployed at 150 m. Each trap array consisted of individual collector traps, filled with 0.2 lm filtered surface seawater solution consisting of 50 g L 21 sodium chloride and 1% (v/v) formalin. On recovery, six replicate traps were pre-screened through 335 lm Nitex mesh (to remove zooplankton "swimmers") prior to filtration onto 25-mm diameter combusted glass microfiber filters (Whatman GF/F). These filters were subsequently dried for 24 h at 608C, pelleted and analyzed by the Stable Isotope Facility at the University of Hawai'i for the mass of PN and its stable isotope 
Results
Habitat characteristics at Station ALOHA Time-resolved sampling at Station ALOHA by the HOT program revealed that the upper ocean experiences moderate seasonal variability in biogeochemistry and hydrographic forcing. During the cooler fall and winter months (November through April), sea surface temperatures typically range between 23.48C and 25.58C, MLD averages 73 6 14 m, incident irradiance ranges between 24 and 47 mol quanta m 22 d
21
, and depth integrated N 1 N inventories in the lower euphotic zone (75-125 m) often exceed 8 mmol N m 22 ( Fig. 1 ; Table 1 ). Through the late spring, summer, and early fall (May-October), sea surface temperatures increase (ranging between 24.48C and 26.48C), the upper ocean becomes progressively more stratified (the mixed layer typically shoals to 60 m), incident irradiance often exceeds 45 mol quanta m 22 d
, and depth-integrated N 1 N inventories between 75 m and 125 m are < 4 mmol N m 22 (Fig 1; Table 1 ). Upper euphotic zone N 1 N inventories (< 45 m) are relatively constant throughout the year (Fig. 1c) , and hence seasonality in euphotic zone NO 2 3 1 NO 2 2 inventories is largely controlled by variations in the depth of nitracline (Letelier et al. 2004 ). The molar NO N 2 -enriched seawater was added to each sample for the subsequent incubation. The atom % enrichment of the seawater stocks utilized for the enriched seawater tracer addition ranged between 74% and 81%, averaging 79 6 2%, which resulted in a final atom % enrichment between 2.8% and 3% in the seawater incubations. Vertical profiles throughout the study period showed that the majority (67 6 12%) of 15 N 2 fixation occurred in the upper region of the water column ( , with rates varying fourfold to ninefold over the course of the year (Fig. 3) utilized for the current study. For this reason we conducted two field experiments comparing rates of 15 N 2 fixation based on use of 15 N 2 -enriched seawater prepared using three different batches of 15 N 2 gas from Sigma-Aldrich (lots CX0937, EB1169, and SZ1670V) and one batch from Cambridge Isotope Laboratories (lot I-16727; Fig. 7a,b) . In these experiments, utilization of 15 N 2 gas supplied by Cambridge resulted in rates of 15 N 2 fixation that were not significantly different (one-way ANOVA, p > 0.05) of than those derived using Sigma-Aldrich lots CX0937 and EB1169 15 N 2 gas (Fig. 7) (Fig. 7) . In contrast, rates of 15 N 2 fixation were significantly greater when using 15 N 2 -enriched seawater prepared from the Sigma-Aldrich lot# SZ1670 (one-way ANOVA, p < 0.001; Fig. 7a,b) . Similarly, rates of 15 N 2 fixation measured in situ during these cruises using 15 N gas supplied from Sigma-Aldrich (lot SZ1670), were considerably greater than the time-averaged rates of 15 N 2 fixation measured over the course of this time-series (Fig. 7) . As a result, we assumed these anomalously high rates resulted from contamination of the 15 N 2 gas, and excluded these measurements from all analyses in this study.
Total PN flux and sources supporting PN export
Sediment trap-based export of PN at 150 m during the period of this study (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (Table 3) . For this analysis, we evaluated end-member signatures for N 2 fixation ranging between 21.0& and 0.6& and NO 2 3 end-member signatures ranging from 3.5& to 7.5& (Table 3) . These ranges are consistent with measured d 15 N signatures of diazotroph biomass (Saino and Hattori 1987; Carpenter et al. 1997; Bauersachs et al. 2009) B€ ottjer et al.
Temporal variability of nitrogen fixation and particulate nitrogen measurements of F PN with those derived from measured N 2 fixation rates and the isotope model ( Based on this range of end-member signatures, we computed the fraction of the measured annual PN flux supported by N 2 fixation and NO 2 3 . The modeled fractional contribution of N 2 fixation to PN export flux ranged from 26% to 47% (Table 3) . Assuming the directly measured rates of N 2 fixation (corrected for the "bubble effect") accurately describe the magnitude of new N input by this process, and utilizing the derived fractional contribution of NO 21 during this study (Table 3) .
Discussion
Despite knowledge that N 2 fixation is an important control on new production, and hence carbon export, in large regions of the open sea, multi-annual time-series measurements of this key biogeochemical process are currently lacking. In the present study, we describe nearly 9 yrs (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) resulting time-varying dynamics highlight several important features regarding N 2 fixation in this ecosystem, including: (1) the majority (67 6 12%) of N 2 fixation occurs in the well-lit region (0-45 m) of the euphotic zone; (2) during the late summer and early fall months, when the upper ocean is warm and stratified, mesoscale physical processes introduce temporal variability in rates of N 2 fixation; and (3) use of a two-member isotope mass balance model revealed that N 2 fixation supports, on average, 26-47% of the total N export. Taken together, these observations indicate N 2 fixation is an important, albeit time variable, process supplying new N to the upper ocean at Station ALOHA.
Since beginning the 15 N 2 fixation measurements reported in the current study, there have been a number of methodological challenges identified with the 15 N 2 tracer methodology. Several recent studies have highlighted the potential for significant underestimation of N 2 fixation rates when 15 N 2 is added to seawater incubations as a gas bubble (Mohr et al. 2010; Großkopf et al. 2012; Wilson et al. 2012 ). These studies demonstrate that variability in the time required for the 15 N 2 gas to reach equilibrium with the seawater relative to the incubation time can result in variability in the 15 N atom % enrichment of the seawater. A series of comparative experiments revealed that rates of N 2 fixation derived from the addition of the 15 N 2 as a gas were 1.7-to 6-fold lower incubations. The resulting rates of N 2 fixation measured during the latter 1.5-yr period (dissolved addition of 15 N 2 ) were significantly greater than those measured during the initial 7.5 yr of measurements, with rates during these two periods averaging 216 6 109 and 124 6 72 lmol N m 22 d 21 , respectively. Furthermore, experiments directly comparing both methodological approaches following the sampling protocols utilized for our time series (24-h incubations on an in situ array) revealed a robust relationship between the conventional "bubble" addition and the addition of enriched seawater, with the resulting depth-integrated rates of 15 N 2 fixation approximately twofold greater than rates derived from the bubble methodology (Fig. 4) . These results are consistent with those of Großkopf et al. (2012) who found that, on average, the enriched seawater approach resulted in a 1.7-fold increase in volumetric rates of N 2 fixation along a meridional transect through the Atlantic Ocean. We followed consistent incubation procedures throughout our time series, except for the mode of introducing 15 N 2 gas, including use of in situ incubations over 24 h and identical volumes of seawater and 15 N 2 tracer. Moreover, the relatively subtle changes in upper ocean temperature (both vertically and seasonally) observed at Station ALOHA likely contributed to the consistent relationship between the "bubble" and "dissolved" 15 N 2 incubation methodologies observed in our experiments. We utilized the empirical relationship between rates obtained from these two methodologies to correct the initial period (between June 2005 and May 2012) of the time-series N 2 fixation rates derived using the 15 N 2 bubble methodology to account for this methodological underestimation (Table 2 ).
An additional complication in the 15 N 2 -based measurements of N 2 fixation was recently reported in a study by Dabundo et al. (2014) We conducted field-based experiments (Fig. 7a,b ) designed to compare rates of N 2 fixation during our time-series approached the magnitude of rates observed using presumably contaminated gas stocks (Fig. 7c) . We assume these anomalously high rates of N 2 fixation reflect contamination of the gas stock and we therefore excluded these measurements from further analyses. We cannot exclude the possibility that some of the 15 N 2 gas stocks utilized for our direct measurements of 15 N 2 fixation may have been contaminated, resulting in overestimation of the measured rates. However, based on experiments conducted in the current study, and the results of Dabundo et al. (2014) , we estimate possible contamination would elevate the depth-integrated 15 N 2 fixation rate measurements by no more than 25%.
Our study revealed that rates of N 2 fixation at Station ALO-HA appear most variable during the warm, stratified periods of the summer. Daily-scale sampling at Station ALOHA during the month of September using a drifting robotic gene sensor demonstrated highly variable diazotroph population dynamics, with abundances of Trichodesmium and the unicellular cyanobacteria Candidatus Atelocyanobacterium thalassa varying up to three orders of magnitude over < 30 km and over < 2 d time scales (Robidart et al. 2014) . Several studies investigating factors controlling the spatiotemporal variability in diazotrophs and N 2 fixation have revealed episodic changes may be coupled to mesoscale physical variability (Davis and McGillicuddy 2006; Fong et al. 2008; Church et al. 2009 ), transport and mixing of biogoechemically distinct water masses (Guidi et al. 2012; Robidart et al. 2014) , and the legacy of phosphorus originating from winter mixing ). Analysis of satellite-derived SSHA and depth-integrated rates of N 2 fixation in the present study revealed that periods when rates of 15 N 2 fixation were elevated (defined as > 1 standard deviation of PN export flux 184 6 71 231 6 52 244 6 33 273 6 51 353 6 70 362 6 48 337 6 47 484 6 30 253 6 57 234 6 70 230 6 38 241 6 84 *** d 15 N of PN 3.6 6 0.4 2.7 6 0.6 3.6 6 0.4 4.1 6 0.9 3.3 6 0.7 3.3 6 0.5 3.4 6 0.7 2.5 6 1.1 3.3 6 0.7 3.4 6 1.1 3.5 6 1.0 3.9 6 1.1 ns 15 the time-averaged rate of 15 N 2 fixation) were predominantly associated with positive SSHA (range: 3-19 cm), consistent with the passage of anticyclonic eddies through the study region (Fig. 6 ). Although such observations have previously been made in the Pacific and Atlantic Ocean (Davis and McGillicuddy; Fong et al. 2008 Church et al. 2009 ), the present multi-annual data set highlights that mesoscale physical processes can be important regulators of variability in diazotroph activity at Station ALOHA. Depth-integrated nutrient inventories (0-125 m) measured during these periods of positive SSHA (N 1 N: 1578 6 1603 lmol m 22 and SRP: 10,433 6 5120 lmol m
22
) emphasize that such events coincide with low NO 2 3 1 NO 2 2 : SRP ratios, which have been hypothesized to promote the growth of N 2 -fixing microorganisms (Sohm et al. 2011) . Nevertheless, the exact physical, biogeochemical, and ecological processes underlying this apparent mesoscale stimulation of diazotroph activity in the oligotrophic ocean have yet to be identified.
Several key assumptions underlie our use of a two endmember N isotope model to constrain the relative contributions of NO 2 3 and N 2 fixation to new production. Specifically, in applying this model we assumed that the euphotic zone N budget was in steady state over annual to subdecadal time scales. Upper ocean nutrient inventories at Station ALOHA have been shown to demonstrate non-steady state dynamics over interannual to subdecadal time scales (e.g., Karl et al. 1997 Karl et al. , 2001 ); however, the magnitude of such variability appears relatively small compared to annual budgets of upper ocean N flux. For example, Hebel and Karl (2001) reported interannual changes in upper ocean (0-150 m) PN inventories of < 2 mmol m 22 yr
21
; similarly, over subdecadal time scales, inventories of dissolved organic nitrogen (DON) at Station ALOHA increased at 11 mmol N m 22 yr 21 (Church et al. 2002) . However, such changes in upper ocean N pools equate to < 10% of the annual new production estimated from this region (Johnson et al. 2010 ). In addition, the two end-member isotope model relies on the assumptions that N 2 fixation and vertical input of NO 2 3 are the only sources of new N to the upper ocean, and that these sources of new N are balanced by the downward flux of PN. Hence, this approach ignores potential supply of N via atmospheric deposition and/or advection of new N to the upper ocean. Both of these sources are poorly quantified at Station ALOHA; however, supply of N via atmospheric deposition can at times constitute a significant source of N to the upper ocean in some locations (Duce et al. 2008 , Kim et al. 2014 . A recent analysis on N deposition across the central Pacific Ocean suggested fluxes of N from atmospheric deposition in the region around ALOHA were < 10 mmol N m 22 yr
, equivalent to <5% of the new N supply to the upper ocean (Kim et al. 2014) . Advection of N into the subtropical gyre is also poorly quantified, but weak north-south gradients in DON concentrations suggest low N supply by this pathway (Abell et al. 2000) . Losses of N from the upper ocean can occur through lateral or vertical physical dynamics, sinking particles, or gaseous exchange with the atmosphere. Vertical gradients in DON are 10% of the vertical NO 2 3 gradients suggesting downward diffusion of DON could balance only a few percent of the total N supply to the upper ocean (Dore et al. 2002) . However, a recent analysis of gradients in dissolved organic carbon and apparent oxygen utilization suggests vertical export of dissolved organic matter could be a significant component of upper ocean export (Emerson 2014) . Nitrogen can also be lost from the upper ocean to the atmosphere, whether in the form of NH 3 or through N 2 O production associated with nitrification, denitrification, and nitrifier-denitrification pathways (Dore et al. 1998 , Ostrom et al. 2000 , Santoro et al. 2011 . The upper ocean at Station ALOHA is well oxygenated, so N losses deriving from denitrification are presumed low. Moreover, net fluxes of N 2 O from the surface ocean across the air-sea interface at Station ALOHA have been estimated to be between 0.4 and 5.2 lmol N m 22 d 21 (Dore et al. 1998) , which on the high end would be equivalent to 1% of the estimated new production derived in this study. Deposition of N to the surface ocean appears dominated by NH 3 of marine origin (Jickells et al. 2003 , Altieri et al. 2016 . Moreover, the flux of NH 3 from the ocean to the atmosphere in the subtropical gyres also appears low relative to PN export (Paulot et al. 2015) . Together, these observations support the notion that sinking particles likely represent the largest loss term by far for new N production in this region.
We utilized a sensitivity analysis of the two end-member isotopic N source model for additional constraint on the contribution of N 2 fixation to N export at Station ALOHA. averaging close to 16.5& (Cline and Kaplan, 1975) , a more recent study by Casciotti et al. (2008) (Table 3 ). In , an estimate consistent with various independent determinations of net community production (NCP) in this region (e.g., Keeling et al. 2004; Riser and Johnson 2008; Quay et al. 2010) . Such results provide additional confidence in our constraint of the d 15 N end-members selected for the twosource model. Our use of the two-end-member isotope model and measured N 2 fixation rates yielded estimates of F PN that were greater than the F PN values measured with sediment trap collections (Table 3 ). There are several potential reasons for this apparent mismatch. Undercollection of organic matter export based on sediment trap collection of sinking particles (including missed contributions from DON), alternate sources of fixed N to the upper ocean (e.g., atmospheric deposition or advection), and vertical and temporal variability in the d 15 N signature of NO 2 3 supplied to the euphotic zone all introduce uncertainties to the isotopic mass balance model. Although the flux of N to the upper ocean via atmospheric deposition appears relatively small (Kim et al. 2014) , the d 15 N signature of N deposition often appears low (24.5& to 20.6&; Hastings et al. 2003; Knapp et al. 2008 ). As such, deposition of low d 15 N to the upper ocean would result in overestimation of the contribution by N 2 fixation based on the two end-member model. However, N supplied to the ocean via wet or dry deposition can derive from both natural (i.e., marine aerosols) and anthropogenic (i.e., fossil fuel combustion byproducts and fertilizers) sources. The d
15
N signature of fertilizer NO 2 3 ranges between 22& and 5& (Heaton 1986) , while fossil fuel combustion byproducts appear heavier, with d 15 N signatures reported between 6& and 13& (Heaton 1990; Altieri et al. 2016) . Hence, atmospheric transport and delivery of N from these sources has the potential to alter the isotopic composition of both the dissolved nutrient and particulate matter pools. If fossil fuel combustion byproducts are an increasingly important source of bioavailable N to the upper ocean at Station ALOHA as suggested by the recent study of Kim et al. (2014) , such supply would increase the d (Table 3) , these results indicate that the sediment traps effectively collected between 30% and 54% of the organic N export during the present study (Table 3 ). Previous studies have described biases associated with the particle interceptor traps used for collecting sinking particles (Buesseler 1991; Michaels et al. 1994; Benitez-Nelson et al. 2001) . Moreover, N export mediated by active zooplankton migration and excretion of NH 3 at depth has been suggested to account for 105 6 65 lmol N m 22 d 21 , and this flux would presumably not be accounted for in our trap-derived flux measurements (Hannides et al. 2009 ). In addition, sediment traps would not account for downward export of DON.
In conclusion, this study provides critical information on methodological challenges associated with direct oceanic N 2 fixation rate measurements and reveals that N 2 fixation is a time-varying component of the ocean N cycle in the NPSG, and that variability in this process can be a major control on the magnitude of organic matter export in this ecosystem. Our results provide additional support highlighting that sediment trap-based estimates of NCP may be biased low while 15 N tracer-based estimates appear to be consistent with previous reports of NCP (Emerson et al. 1997; Riser and Johnson 2008; Quay et al. 2010) and NO 2 3 based new production (Johnson et al. 2010) 
